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Edited by Horst FeldmannAbstract During the ﬁnal stage of the cell division cycle in the
ﬁssion yeast Schizosaccharomyces pombe, transcription factor
Ace2p activates expression of genes involved in the separation
of newly formed daughter cells, such as agn1+, which encodes
the a-glucanase Agn1p. The agn1 promoter contains three copies
of the nucleotide sequence motif CCAGCC, whose presence
seems to correlate with Ace2p-mediated transcription activation.
Here, we describe a simple plate-based assay utilizing as a repor-
ter the secreted glucoamylase of Arxula adeninivorans to inves-
tigate the function of this motif. We show that not all three
repeats, but only the two most proximal to the transcription start
point, act as an upstream activating sequence (UAS). Finally, we
demonstrate that this UAS is essential for agn1 promoter activ-
ity in vivo.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Cell separation in yeasts and abscission in animal cells are
tightly controlled events at the end of the cell division cycle
[1]. The ﬁssion yeast Schizosaccharomyces pombe is an attrac-
tive model organism to study the ﬁnal stage of the cell cycle,
because this genetically tractable eukaryote divides by medial
ﬁssion, its complete genome sequence is known [2], and a wide
collection of diﬀerent cell-separation mutants is available. In S.
pombe, cell separation begins after successful division of the
nucleus (mitosis) and the cytoplasm (cytokinesis), when a cell
division septum has been deposited as a rigid disc-like struc-
ture in the middle of the dividing cell [3]. The septum is a
three-layered structure with a primary septum in the middle
ﬂanked by secondary septa, located outside the plasma mem-
branes of both daughter cells but within the cell wall of the
dividing cell [4]. During cell separation, the primary septum to-
gether with the cylinder of old cell-wall material surrounding
the primary septum, called the septum edging, is partially
hydrolyzed by dedicated hydrolases [5,6]. As a result of their
enzyme activities, the secondary septa can now function as
new cell-wall tips, releasing the daughter cells as free and inde-
pendent entities.*Corresponding author. Fax: +31 206915519.
E-mail address: f.hochstenbach@amc.uva.nl (F. Hochstenbach).
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doi:10.1016/j.febslet.2006.04.061Cell separation in yeasts requires timely expression, targeted
secretion, and localized activity of the cell-separation hydro-
lases. Given that the polysaccharide compositions of the pri-
mary septum and septum edging diﬀer among diﬀerent yeast
species, distinct types of cell-separation hydrolases may be ex-
pressed. Speciﬁcally, in S. pombe endo-(1,3)-b-glucanase Eng1p
hydrolyzes the (1,3)-b-glucan-rich primary septum while endo-
(1,3)-a-glucanase Agn1p is involved in septum-edging hydroly-
sis [5,6], whereas in the budding yeast Saccharomyces cerevisiae
endo-chitinase ScCts1p hydrolyzes the chitin-rich primary sep-
tum while the S. cerevisiae ortholog of Eng1p, ScEng1p, is in-
volved in septum-edging hydrolysis [7,8]. Dividing cells of
yeast mutants lacking cell-separation hydrolases cannot sepa-
rate eﬃciently and remain connected, forming large clumps
of individual cells.
Recent genome-wide surveys using DNA microarrays have
revealed four subsequent waves of genes expressed periodically
during the S. pombe cell cycle [9–12]. Among these waves is a
transcription cascade of two transcription factors involved in
triggering cell separation. Forkhead transcription factor Sep1p
activates at least 15 genes whose transcription peaks during
mitosis. Interestingly, these target genes include the gene
encoding C2H2 zinc-ﬁnger transcription factor Ace2p, which,
in turn, activates transcription of approximately 25 other tar-
get genes whose transcription peaks during cell separation
[9]. These target genes include genes with unknown function,
such as adg1+, adg2+, adg3+, cfh4+, and SPCC306.11, and,
importantly, the genes encoding cell-separation hydrolases
Agn1p and Eng1p [5,6,12]. Consistent with the function of
Ace2p in cell-separation regulation (and, indirectly, with that
of Sep1p), mutant cells lacking ace2+ (or sep1+, or both) fail
to express Agn1p and to a lesser extent Eng1p, causing them
to display a gross defect in cell separation with long trains of
connected cells that form large clumps [6].
To explore the complex transcription network that operates
during the cell cycle, eﬀorts have started to assign the cell cycle-
regulated genes to speciﬁc transcription factors. For this pur-
pose, searches have been performed for potential regulatory
motifs in the promoter regions of so-called ‘‘high amplitude’’
target genes [9,11]. As a result, transcription activation by
Ace2p was correlated with the presence of the nucleotide se-
quence motif 5 0-CCAGCC in the promoter regions of its target
genes. One of these genes is agn1+, whose promoter contains
three copies of this motif. Here, we study the function of the
CCAGCC motif in the agn1 promoter and investigate whether
the three repeats display equivalent activities. To this end, we
developed a simple plate-based assay to measure promoter
activities semi-quantitatively in S. pombe. We demonstrate thatblished by Elsevier B.V. All rights reserved.
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activating sequence (UAS) that is dependent on Ace2p. Fur-
thermore, we show that, although three repeats are present
in the agn1 promoter, they do not contribute equally to tran-
scription activation. Finally, we show that this motif is essen-
tial for the observed agn1 promoter activity in vivo.2. Materials and methods
2.1. Strains and culture media
E. coli strain DH5a (GibcoBRL) was used for all plasmid isolations.
The ura4-D18 allele was introduced in the published ace2D and sep1D
strains [6] by mating and subsequent tetrad dissection. S. pombe plas-
mid transformations were performed using a lithium acetate method
[13]. Cells were grown in EMM2 culture medium [14] supplemented
with 250 mg/l of adenine sulfate (EMMA). SEMMA was EMMA with
addition of 1.5% (w/v) of soluble starch (Fluka; 85642) (see Table 1).
2.2. Primer extension
Total RNA was isolated from exponentially growing 972 cells [15]
and 25 lg RNA was incubated with 2 pmol of 32P-labeled oligodeoxy-
ribonucleotide primer AdH084 at 65 C for 60 min before cooling to
42 C at a rate of 0.02 C per s. Extension reactions were performed
in AMV-RT buﬀer (Promega) containing 10 mM of Tris–HCl and
150 lM of each dNTP, by an incubation at 42 C for 45 min in the
presence or absence of 10 U of AMV reverse transcriptase. RNA
was then hydrolyzed by a 30-min incubation with RNase A at 37 C.
Finally, the reaction products were precipitated with 0.3 M sodium
acetate buﬀer, pH 4.6, in 70% (v/v) of ethanol and subjected to electro-
phoresis on an 8% (w/v) polyacrylamide gel containing 8 M urea. Gels
were analyzed by autoradiography.
2.3. Construction of plasmids
All PCR ampliﬁcation reactions were performed using pfu (Strata-
gene) or Phusion (Finnzymes) polymerase on genomic DNA isolated
from wild-type strain 972, unless indicated otherwise. Primers used inTable 1
Schizosaccharomyces pombe strains used in this study
Straina Genotype
ND001 hagn1D::kanMX4
ND030 hagn1D::kanMX4 ura4-D18
ND270 hura4-D18[pND042]
ND274 hura4-D18[pND054]
ND276 hura4-D18[pAdH057]
ND277 hura4-D18[pAdH058]
ND278 hura4-D18[pAdH059]
ND280 hura4-D18[pAdH072]
ND281 hura4-D18[pAdH073]
ND282 hura4-D18[pAdH074]
ND283 hura4-D18[pAdH075]
ND350 hura4-D18[pND065]
ND351 hura4-D18[pND066]
ND352 hura4-D18[pND067]
ND353 hura4-D18[pND068]
ND354 hura4-D18[pND069]
ND355 hura4-D18[pND070]
ND356 hura4-D18[pND071]
ND357 hura4-D18[pAdH056]
ND359 hura4-D18[pAdH070]
ND361 hagn1D::kanMX4 ura4-D18[pND
ND362 hagn1D::kanMX4 ura4-D18[pND
ND397 hace2D::kanMX4 ura4-D18[pAdH
ND398 hace2D::kanMX4 ura4-D18[pND
ND403 hsep1D::kanMX4 ura4-D18[pAdH
ND404 hsep1D::kanMX4 ura4-D18[pND
ND412 hagn1D::kanMX4 ura4-D18[pND
ND413 hura4-D18[pND092]
aAll strains were constructed for this study, except strains ND001 and ND0this study are listed in Supplementary Table I. For convenience of
cloning, the multiple cloning site of the S. pombe expression plasmid
pREP4 [16] was altered as follows. First, primers AdH046 and
AdH047 were hybridized and cloned between the MluNI and BamHI
restriction enzyme sites of pREP4, generating pAdH005. Then, prim-
ers AdH048 and AdH049 were hybridized and cloned between the
BamHI and SmaI sites of pAdH005, producing pAdH006. For expres-
sion of the Arxula adeninivorans glucoamylase in S. pombe, its ORF
was ampliﬁed in a PCR using primers ND309 and ND310 from plas-
mid pBscG-GAA-C21 kindly provided by Kunze [17] and cloned be-
tween the XhoI and BglII sites of pAdH006, generating pND042. To
create a promoterless control plasmid, the nmt1-1 promoter of
pND042 was replaced by the hybridization product of primers
AdH070 and AdH071 using the SphI and XhoI sites, producing
pAdH056. All promoters described in this study except for the nmt1-
1 promoter were cloned between the PstI and XhoI restriction sites
of pAdH056. For expression of GAAmat (amino acids 17–624), the
ATG initiation codon was introduced by cloning the hybridization
product of primers AdH066 and AdH067 between the XhoI and BglII
sites of pAdH006, generating pAdH050. Then, the GAAmat was ampli-
ﬁed in a PCR using primers ND312 and ND310 and cloned between
the NheI and BglII sites of pAdH050, producing pND092. For expres-
sion of SPagn1–GAAmat, the Agn1p signal peptide (amino acids 1–20)
generated by hybridization of primers ND179 and ND180 was cloned
between the XhoI and NheI sites of pND092, producing pND054. For
generation of the nmt1 promoter series, the original nmt1 promoter
(denoted here as Pnmt1-1) was isolated from pREP4 using the PstI
and BamHI sites and cloned into pUC19 [18]. Then, the internal Hin-
dIII site was removed by site-directed mutagenesis using primers
ND331 and ND332, generating Pnmt1-2 (pAdH057). For generation
of the Pnmt1-241 (pAdH058) and Pnmt1-281 (pAdH059) versions of
this promoter, the TATA element was truncated [19] using primers
ND333 and ND334 or ND337 and ND338, respectively. To create
pAdH070, the adh1 promoter was ampliﬁed in a PCR using primers
ND358 and ND359, and its internal EcoRI site was removed by site-
directed mutagenesis using primers ND356 and ND357. For the 5 0-
truncation series of the agn1 promoter region, primers ND373-
ND379 were used. For deletion of the individual repeats, the agn1 pro-
moter was cloned into pUC19 using primers ND374 and ND377,
mutagenesis was performed according to the QuickChange site-direc-Plasmid description
–
–
[pPnmt1-1–GAA]
[pPnmt1-1–SPagn1–GAAmat]
[pPnmt1-2–GAA]
[pPnmt1-241–GAA]
[pPnmt1-281–GAA]
[pPagn1-567–GAA]
[pPagn1-389–GAA]
[pPagn1-277–GAA]
[pPagn1-249–GAA]
[pPagn1-389-3D–GAA]
[pPagn1-389-2D–GAA]
[pPagn1-389-1D–GAA]
[pPagn1-389-2D3D–GAA]
[pPagn1-389-1D3D–GAA]
[pPagn1-389-1D2D–GAA]
[pPagn1-389-1D2D3D–GAA]
[pP–GAA]
[pPadh1–GAA]
082] [pPagn1-389-1D2D3D–agn1]
085] [pP–agn1]
073] [pPagn1-389–GAA]
042] [pPnmt1-1–GAA]
073] [pPagn1-389–GAA]
042] [pPnmt1-1–GAA]
073] [pPagn1-389–agn1]
[pPnmt1-1–GAAmat]
30 [6].
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ND391, and the mutant versions of the agn1 promoter were trans-
ferred to pAdH056, generating plasmids pND065-pND070. Primers
ND392 and ND393 were used in a PCR using pND066 as a template
to generate the agn1 promoter deleted for all three copies of the motif
(Pagn1-1D2D3D, pND071). All constructs used in this study were se-
quenced in both directions by using a series of overlapping PCR ampli-
ﬁcation products (BDT sequencing kit, Applied Biosystems).
2.4. Halo assay and other techniques
Cells were grown overnight at 28 C in EMMA medium containing
10 lM thiamine to an OD595 of 1.0-1.5, washed, and taken up in MQ-
H2O in a ﬁnal concentration of 1 · 107 cells per ml. Two microliters of
each cell suspension (2 · 104 cells) were spotted onto a 94-mm plate
containing 20 ml per plate of solid SEMMA medium with or without
addition of 10 lM thiamine, and cells were allowed to grow at 28 C
for 0–96 h. After treatment with iodine vapor for 2 min, halo sizes were
calculated from the diameter of the halo, which included the cells,
using a 5-mm aluminum strip placed beside the halos as a size refer-
ence. Microscopy and sedimentation analyses were performed as
described previously [6].3. Results
3.1. CCAGCC sequence motif is located upstream of the agn1
core promoter
To characterize the 5 0-regulatory region of the agn1+ gene,
we identiﬁed the transcription start point (tsp) by a primer
extension experiment using an end-labeled primer and total
RNA isolated from exponentially growing cells of wild-type
strain 972. A speciﬁc band was obtained in the presence ofFig. 1. Conserved sequence motifs are located upstream of the agn1 transcript
agn1 promoter. End-labeled primer AdH084 complementary to the agn1 tra
growing cells of wild-type S. pombe strain 972. cDNA synthesis was performed
without reverse transcriptase (lane 5), and products were subjected to electrop
ladder was prepared using end-labeled primer AdH084 (lanes 1–4). The tsp
promoter region. The tsp is indicated by an arrow, the putative TATA box is s
CCAGCC are boxed. (C) Schematic representation of the distribution of th
upstream intergenic regions (up to 1000 bp) of agn1+, eng1+, mid2+, adg1
located between 200 and 600 bp upstream of the translation initiation coreverse transcriptase (Fig. 1A, compare lanes 6 and 5), reveal-
ing that transcription initiates at the cytosine of position
171 with respect to the ATG translation initiation codon.
Twenty-two bp upstream of the observed tsp, we found a
TA-rich element with the sequence 5 0-TATATAATATAAA,
which most likely contains the TATA-box (Fig. 1B). The ob-
served distance between the putative TATA-box and tsp in
the agn1 promoter is similar to those found in the well-char-
acterized S. pombe promoters of nmt1+, adh1+, and pho4+ (of
26, 33, and 29 bp, respectively) [20]. Furthermore, this dis-
tance is consistent with in vitro transcription studies demon-
strating that transcription initiation in S. pombe preferentially
starts within a narrow window of approximately 24–35 bp
downstream from the edge of the TATA box [21]. Together,
we conclude that the region encompassing the putative
TATA box and tsp forms the core promoter of agn1+ for
assembly of general transcription factors [22]. Finally, be-
tween 53 to 99 bp upstream from the putative TATA-box,
we located three copies of the CCAGCC motif, approxi-
mately in the middle of the intergenic region between the
open reading frame (ORF) of agn1+ and that of its upstream
neighbor, mug5+ (systematic gene name, SPAC14C4.08). The
positions of the CCAGCC motif in the agn1 promoter are in
a similar range (approximately from positions 200 to 600
with respect to the translation initiation codon) as those
found in the putative promoter regions of mid2+, adg1+,
adg2+, adg3+, cfh5+ and SPCC306.11 (Fig. 1C). Together,
these ﬁndings suggest that the CCAGCC motif may function
as a UAS.ion start point. (A) Mapping of the transcription start point (tsp) of the
nscript was incubated with 25 lg of RNA isolated from exponentially
with AMV reverse transcriptase (lane 6), along with a control reaction
horesis on an 8% polyacrylamide gel. A corresponding DNA sequence
is indicated by an arrowhead. (B) Nucleotide sequence of the agn1
haded, and the three copies of the conserved nucleotide sequence motif
e CCAGCC motif copies (black) and its reverse version (gray) in the
+, adg2+, adg3+, cfh4+, and SPCC306.11. Note that most motifs are
don.
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promoter activity in S. pombe
Because no simple plate-based assay was available tomeasure
promoter activities in S. pombe, we developed a semi-quantita-
tive assay using starch-hydrolyzing glucoamylase from A. aden-
inivorans as a reporter [17]. First, we tested whether S. pombe
cells were able to express and secrete this heterologous reporter
protein. To this end, we cloned the wild-type glucoamylase gene
(GAA) behind the thiamine-repressible nmt1 promoter in a plas-
mid (pREP4) for ectopic expression in S. pombe [16]. Subse-
quently, we spotted approximately 20000 cells expressing this
plasmid on a plate containing solid chemically-deﬁned medium
(EMMA) supplemented with 1.5% soluble starch, and allowed
them to grow for three days at 28 C.On plates lacking thiamine
(induction conditions), a clear halo of starch hydrolysis was ob-
served around the cells following a 2-min incubation with iodine
vapor (Fig. 2A, upper,T), indicating that these cells expressed
and secreted the glucoamylase reporter. By contrast, only a
small halo was visible after growth on starch plates containing
thiamine (repression conditions) (Fig. 2A, upper, +T), consis-
tent with the thiamine-repressible nature of the nmt1 promoter
and the presence of residual promoter activity under repression
conditions [19]. Halo formation was dependent on secretion of
glucoamylase, because when we removed its signal peptide for
entry into the secretory pathway (residues 1–16) and expressed
only mature glucoamylase, no halo was observed under induc-
tion conditions (Fig. 2A, lower, T). When we then placed a
heterologous signal peptide (residues 1–20 of Agn1p) in front
of mature glucoamylase, secretion was restored (Fig. 2A, mid-
dle, T). Second, we demonstrated that halo formation was
dependent on the presence of a functional promoter, as judged
by the absence of a halo for a promoterless control (P) and the
presence of clear halos for the characterized nmt1 and adh1 pro-
moters (Fig. 2B). Also, for these promoters, halo sizes increased
in a linear fashion when cells were grown between 24 and 96 h.
Third, we investigated whether halo sizes correlated with varia-
tions in transcription activity. Along with a promoterless con-
trol (P), we compared the wild-type nmt1 promoter (with
TATA-box sequence 5 0-ATATATAAA) to two well-character-
ized mutant versions containing progressive TATA-box dele-
tions (version 41, with remaining sequence ATAAA; version
81, with sequence AT). Consistent with data reported by Basi
and colleagues [19], we observed a strict correlation between
progressive TATA-box deletions and decreasing halo sizes in
our assay (Fig. 2C). Together, these data demonstrate thatFig. 2. Development of a plate-based assay for measuring promoter
activities in S. pombe. (A) Secretion of A. adeninivorans glucoamylase
is essential for halo formation. Cells (2 · 104) of strains ND270
(Gaawt), ND274 (SPAgn1–Gaamat), or ND413 (Gaamat) were spotted
onto solid EMMA medium containing 1.5% soluble starch and
supplemented with (+T) or without (T) 10 lM of thiamine. After
72 h of growth, plates were exposed to iodine vapor. (B) A functional
promoter is essential for halo formation. Cells (2 · 104) of strains
ND270 (Pnmt1-1), ND359 (Padh1), ND357 (P), ND280 (Pagn1), or
ND356 (Pagn1-1D2D3D) were spotted on plates with starch-containing
EMMA medium without thiamine. After the indicated periods of
growth, plates were developed and halo sizes calculated. Note that
the promoter assay is linear in time between 24 and 96 h of growth. (C)
Halo formation is dependent on transcription activity. Cells (2 · 104)
of strains ND276 (Pnmt1-2), ND277 (Pnmt1-241), ND278 (Pnmt1-
281), ND357 (P), or ND280 (Pagn1) were grown for 96 h on plates
with starch-containing EMMA medium without thiamine. Then,
plates were developed and halo sizes calculated. Bar: 5 mm.
cour plate-based assay is a semi-quantitative assay suitable for
measuring transcription activities of promoters in S. pombe.
3.3. agn1 promoter activity is dependent on Ace2p and Sep1p
To analyze the agn1 promoter in our plate-based assay, we
measured the activity of the intergenic region upstream of
the agn1 ORF and observed a clear halo around the cells
(Fig. 2B and C), indicating that this region contained a func-
tional promoter. Previously, we showed that Agn1p protein
levels depend on the transcription factors Ace2p and Sep1p
Fig. 3. Transcription factors Ace2p and Sep1p are essential for agn1
promoter activation. Cells (2 · 104) of strains ND281 (wild type),
ND397 (ace2D), or ND403 (sep1D) expressing GAA from the basic
agn1 promoter were spotted on plates with starch-containing EMMA
medium without thiamine (upper). As controls for expression and
secretion, cells of strains ND270 (wild type), ND398 (ace2D), or
ND404 (sep1D) expressing GAA from the nmt1-1 promoter were
spotted on plates with starch-containing EMMA medium without
(middle, T) or with (lower, +T) 10 lM of thiamine. After 72 h of
growth at 28 C, plates were developed. Note that agn1 promoter
activity is abrogated in ace2D and sep1D cells, whereas nmt1-1
promoter activity persists. Bar: 5 mm.
Fig. 4. Repeats 1 and 2 of the CCAGCC motif act as a UAS. (A)
Schematic representation of a 5 0-truncation series for the agn1
promoter region with accompanying halos and their sizes. Cells
(2 · 104) of strains ND280–ND283 expressing GAA from truncation
forms of the agn1 promoter or control strain ND357 (P) were spotted
on plates with starch-containing EMMA medium. After 72 h of
growth at 28 C, plates were developed. (B) Schematic representation
of a deletion series for the three repeats of the CCAGCC motif, deleted
either separately or in combination, with accompanying halos and
their sizes. Cells (2 · 104) of strains ND281 expressing GAA from the
basic agn1 promoter or strains ND350–ND356 expressing mutant
versions thereof were tested as in (A). Arrows indicate the tsp for the
wild-type agn1 promoter. Bar: 5 mm.
N. Dekker et al. / FEBS Letters 580 (2006) 3099–3106 3103[6]. More recently it was shown that ace2+ transcription is di-
rectly regulated by Sep1p [9,23]. To conﬁrm that the observed
activity of the agn1 promoter was Ace2p and Sep1p-depen-
dent, we tested its activity in ace2D or sep1D cells. Although
a clear halo was observed for wild-type cells, halos were lack-
ing in the ace2D or sep1D backgrounds (Fig. 3, upper). To
exclude the possibility that expression or secretion of the glu-
coamylase reporter was altered in the ace2D or sep1D mutants,
we conﬁrmed that normal thiamine-dependent halo sizes were
obtained for the nmt1 promoter (Fig. 3, compare middle to
lower). Together, these data show that ace2+ and sep1+ are re-
quired for transcription activity of the agn1 promoter.
3.4. CCAGCC sequence motif acts as a UAS
To investigate the role of the three CCAGCC repeats, we
generated a series of progressively truncated versions of the
agn1 promoter and tested their activity in our plate-based pro-
moter assay. Shortening the 5 0-region from 567 bp upstream of
the ATG translation initiation codon (i.e., the entire intergenic
region) to 389 bp (containing all three CCAGCC repeats) had
no eﬀect on agn1 promoter activity (Fig. 4A, compare rows 1
and 2), allowing us to use the latter 5 0-region as the basic
agn1 promoter. Unexpectedly, further shortening of the 5 0-re-
gion to 277 bp from the ATG codon and thereby removing re-
peat 3 had again no major eﬀect on agn1 promoter activity
(Fig. 4A, row 3). By contrast, shortening the 5 0-region to 249
bp and thereby removing all three CCAGCC repeats abrogated
all promoter activity (Fig. 4A, row 4), even though this 5 0-re-
gion contained the agn1 core promoter with putative TATA
box and tsp (Fig. 1B). Together, these results demonstrate that
the agn1 promoter contains a UAS between positions277 and
249 with respect to the ATG translation initiation codon.
To assess the function of the CCAGCCmotif, we ﬁrst deleted
all three repeats simultaneously from the basic agn1 promoter
using site-directed mutagenesis. Importantly, no residual pro-
moter activitywasobserved (Fig. 4B, row8). Second,weassessed
the contributionof the individual repeats toagn1promoter activ-
itybydeleting themeither separatelyor in combination.Deletionof repeat 3 resulted in only aminor decrease in promoter activity
(Fig. 4B, row 2), consistent with the activity observed for the
277-bp spanning agn1 5 0-region (Fig. 4A, row 3). By contrast,
deletion of repeat 2 showed approximately half of normal pro-
moter activity (Fig. 4B, row3),whereas deletionof repeat 1 abro-
gated all promoter activity (Fig. 4B, row 4). The ﬁnding that, of
three CCAGCC repeats, repeat 1 appears to be the most impor-
tant for promoter activity was conﬁrmed by the observation that
simultaneous deletion of repeats 2 and 3 showed a residual
activity of approximately 50% compared to the wild-type pro-
moter (Fig. 4B, compare rows 5 and 1), whereas no other double
deletion showed any residual promoter activity (Fig. 4B, rows 6
and 7). In summary, these data demonstrate that repeats 1 and 2
of the CCAGCC motif act as a UAS in the agn1 promoter.
Fig. 5. The CCAGCC motif in the agn1 promoter is essential for
complementation. (A) Schematic representation of agn1 promoters
with (Pagn1) or without (Pagn1-1D2D3D) the CCAGCC motif as well
as a promoterless control (P). (B) agn1D cells containing the agn1
ORF behind Pagn1 (strain ND412), Pagn1-1D2D3D (strain ND361), or
P (strain ND362), together with cells from wild-type strain 972 were
grown in liquid EMMA culture medium to mid-exponential phase and
visualized by diﬀerential interference contrast microscopy. Bar: 10 lm.
Table 2
Complementation of the agn1D phenotype by sedimentation analysis
Genotypea Strain Sedimentation timeb
80% of
initial OD595
50% of
initial OD595
Wild type 972 >30 >30
agn1D ND001 12 ± 1 20 ± 1
agn1D [pPagn1–agn1] ND412 25 ± 2 >30
agn1D
[pPagn1-1D2D3D–agn1]
ND361 15 ± 1 20 ± 1
agn1D [pP–agn1] ND362 15 ± 1 20 ± 1
Sedimentation analysis of cells expressing the constructs indicated in
Fig. 5.
aComplete genotypes are shown in Table 1.
bSedimentation times (min) are the times required for the OD595 of the
individual cultures to decrease to 80% or 50% of their initial values and
are the means ± S.D. of three individual experiments. Note that the
[pPagn1–agn1] construct complements the agn1D phenotype, whereas
the construct [pPagn1-1D2D3D–agn1] lacking all three repeats does not.
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for complementation
To evaluate whether the CCAGCC motif is required for
agn1+ expression in vivo, we cloned the basic agn1 promoter
with or without the three CCAGCC repeats in front of theagn1 ORF on a pREP4-based plasmid for ectopic expression
and determined whether these constructs were able to comple-
ment the phenotype of the agn1 deletion mutant. For this pur-
pose, we took advantage of the clumping phenotype of the
agn1Dmutant and applied our previously described sedimenta-
tion assay [6]. Wild-type cells sedimented hardly during a 30-
min time period, whereas agn1D cells sedimented at a moderate
velocity, thereby clearing the culture medium (Table 2, com-
pare agn1D to wild type). As expected, a promoterless control
plasmid (Fig. 5A, pP–agn1) failed to complement the agn1D
clumping phenotype (Fig. 5B, Table 2), whereas agn1D cells
expressing the agn1 ORF from the basic agn1 promoter
(Fig. 5A, pPagn1–agn1) did not clump and showed a sedimen-
tation index comparable to that of wild-type cells (Fig. 5B, Ta-
ble 2). These data indicate that the 389-bp 5 0-region of agn1+
contains a functional promoter for agn1+ function. Impor-
tantly, simultaneous deletion of all three CCAGCC repeats
from the basic agn1 promoter rendered it inactive, because
cells expressing the agn1 ORF from this mutant promoter
showed a clumping phenotype and a sedimentation index sim-
ilar to cells containing the promoterless control plasmid
(Fig. 5B, Table 2, compare pPagn1-1D2D3D–agn1 to pP–
agn1). These data conﬁrm that the agn1 core promoter, with-
out the CCAGCC motif, lacks intrinsic promoter activity. In
summary, we conclude that agn1+ expression in vivo relies
on the CCAGCC motif to act as a UAS.4. Discussion
In this report, we identify the nucleotide sequence motif
CCAGCC as a novel UAS in S. pombe (Figs. 1 and 4) by using
a simple plate-based assay for measuring promoter activities
semi-quantitatively (Fig. 2). We show that agn1 promoter
activity depends on transcription activators Ace2p and Sep1p
(Fig. 3). Furthermore, we demonstrate that the three copies
of the CCAGCC motif do not contribute equally to transcrip-
tion activation, because only repeats 1 and 2 appear to act as a
UAS (Fig. 4B). Finally, we demonstrate by using complemen-
tation analyses that the CCAGCC motif in the agn1 promoter
is essential for agn1+ function in vivo (Fig. 5 and Table 2).
We developed a new and simple plate-based assay for pro-
moter studies in S. pombe, an assay, which in contrast to those
with chloroamphenicol acetyltransferase, luciferase, or b-galac-
tosidase does not require laborious handling of cells (Fig. 2).
For our assay, we utilized the secreted glucoamylase Gaa from
A. adeninivorans as a reporter. Glucoamylase (EC 3.2.1.3)
hydrolyzes (1,4)-a-glucosidic linkages from starch, thereby
releasing single glucose moieties from its non-reducing end
[24]. Gaa is a multi-domain protein with a carboxyl-terminal
catalytic domain and an amino-terminal carbohydrate binding
type-21 domain (CBM21), which functions as a starch-binding
domain [25]. We tested the putative S. pombe a-amylase
Meu17p (SPBC14C8.05c) as an alternative reporter for our
promoter assay, but, unlike Gaa, Meu17p was unable to hydro-
lyze the starch in the culture medium, rendering it unsuitable
for this assay (data not shown). Perhaps a starch-binding do-
main, which is present in Gaa but absent from Meu17p, may
be required for eﬃcient hydrolysis of starch from the medium.
Furthermore, GAA was also successfully expressed in S. cere-
visiae cells ([17]; data not shown), indicating that this promoter
assay can also be adapted for use in S. cerevisiae and that
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ble. In conclusion, our promoter assay provides a simple but
powerful tool for the quantiﬁcation of promoter activities
and the identiﬁcation of UASs in yeast promoters.
Consistent with the function of Ace2p as a transcription
activator for genes involved in cell separation in S. pombe,
deletion of ace2+ results in total loss of agn1 promoter activity
(Fig. 3). Similarly, in S. cerevisiae the Ace2p ortholog regulates
expression of CTS1, the gene encoding the sole chitinase essen-
tial for dissolution of the primary septum [26]. Ace2 proteins
belong to the family of C2H2 zinc-ﬁnger transcription factors.
The C2H2 zinc ﬁnger is a small peptide motif strongly con-
served from prokaryotes to humans with a characteristic archi-
tecture of a two-stranded antiparallel b-sheet and one a-helix
stabilized by a zinc ion [27]. Direct binding of the motif to
the DNA sequence is achieved by the a-helix, which protrudes
from the bulk of the protein and contacts a 3–4 bp site in the
DNA [28]. Both the S. pombe and S. cerevisiae Ace2 proteins
contain two classical C2H2 zinc-ﬁnger motifs as well as one
C2HC motif, in which the second conserved histidine of the
zinc ﬁnger is replaced by a cysteine; and, these zinc ﬁnger do-
mains share an overall amino acid sequence identity of 56%. In
S. cerevisiae, the triple zinc-ﬁnger domain of Ace2p has been
shown to bind directly to promoter DNA of CTS1 in vitro
[26,29]. We propose that transcription activation of the S.
pombe Ace2p target genes is also achieved by direct binding
of the zinc-ﬁnger domains to gene-speciﬁc DNA, namely to
the UAS. This binding may activate the general transcription
factors of the RNA polymerase II transcription apparatus at
the core promoter, perhaps via a mediator complex. This
hypothesis is supported by the observation that S. pombe cells
deleted for the putative general transcription factor genes
sep10+ or sep11+ as well as a conditional mutant of media-
tor-complex gene med8+ (also called sep15+) display a cell-sep-
aration phenotype similar to that of ace2D cells [30–32].
Deletion of the individual copies of the conserved sequence
motif CCAGCC upstream from the agn1 core promoter did
not lead to an equal reduction in agn1 promoter activity
(Fig. 4). In budding yeast S. cerevisiae, a very similar motif
with the nucleotide sequence 5 0-ACCAGC was identiﬁed in
the promoter region of CTS1 [26]. Like for the agn1 promoter,
three copies of the ACCAGC motif are present in the S. cere-
visiae CTS1 promoter but only the two most proximal to the
tsp are active as a UAS. Close examination of sequences adja-
cent to the CTS1 and agn1 core motifs did not identify nucle-
otides that could distinguish between active and inactive
copies. Perhaps another aspect, such as a speciﬁc proximity
to the tsp, is also required for full transcription activation.
We speculate that, in S. pombe, high speciﬁcity of promoter
binding and transcription activation may be achieved only
after repeats 1 and 2 are each bound by a separate Ace2p mol-
ecule, with each Ace2p molecule requiring interactions via
multiple zinc ﬁngers. Interestingly, all eight ‘‘high amplitude’’
target genes for Ace2p contain at least two copies of this motif
(Fig. 1C).
Orthologs of the Ace2p transcription factor have also been
conserved in the human fungal pathogens Candida albicans
and Candida glabrata. Whereas deletion of ACE2 in C. glab-
rata leads to hypervirulence, deletion in C. albicans leads to
a strong decrease in virulence [33,34]. Also in these two fungi,
the Ace2p transcription factor is involved in a transcription
cascade, which results in the coordinated expression of genesessential for eﬀective cell separation [35]. Interestingly, the tar-
get genes of these transcription factors all contain in their pro-
moter regions copies of the sequence motif 5 0-ACCAGC or its
reverse version 5 0-GCTGGT (data not shown). These ﬁndings
allow future investigations into the role of the Ace2p binding
motifs for virulence of these fungal pathogens.
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